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The interresponse-time structures of pigeon key pecking were examined under variable-ratio, variable-
interval, and variable-interval plus linear feedback schedules. Whereas the variable-ratio and variable-
interval plus linear feedback schedules generally resulted in a distinct group of short interresponse
times and a broad distribution of longer interresponse times, the variable-interval schedules generally
showed a much more continuous distribution of interresponse times. The results were taken to indicate
that a log survivor analysis or double exponential fit of interresponse times may not be universally
applicable to the task of demonstrating that operant behavior can be dichotomized into bouts of
engagement and periods of disengagement.

Key words: interresponse time, variable-ratio, variable-interval, yoked schedules, Shull machine, key
peck, pigeons

_______________________________________________________________________________

In the past, the conceptualization of behav-
ior as two-state (Gilbert, 1958) has not enjoyed
widespread research interest because of the
difficulty in validly dichotomizing the behavior
stream into visits and nonvisits by simply
specifying some specific interresponse time
(IRT) duration as a criterion. The split
between within-visit IRTs and visit-initiation
IRTs is unlikely to be at the same value across
individuals, or even within an individual across
procedures.

Shull, Gaynor, and Grimes (2001) described
one possible solution for resolving the catego-
rization problem. They displayed the total
distribution of obtained IRTs as a survivor
plot with a logarithmically scaled y axis. In this
semilogarithmic plot, the slope between any
two points on the x axis is an indicator of the
relative decrease in the frequency of the IRTs
per opportunity between those points. If a
single exponential decay governed the occur-

rence of all responding, then the IRT distri-
bution would appear as a single straight line.
If, on the other hand, behavior occurred in
short bouts of responding separated by longer
delays, then the short IRTs governed by one
exponential decay process would result in an
initial steep slope, while the longer delays
between response bouts characterized by a
different exponential would be spread across a
broad range of values and would generate a
second shallower slope.

Shull and his colleagues (Shull et al., 2001)
found that the log survivor plots of the output
of their explicitly two-state emulator had two
relatively straight lines intersecting at an angle
less than 180u, or had a ‘‘broken-stick’’ appear-
ance, such that the function and therefore the
two classes of behavior were easily dichoto-
mized by simple inspection. Figure 1 provides
example log survivor plots of the output of
Shull’s model. The ratio of the within-visit
response rate to the between-visit response rate
and the probability of disengaging are given
above each frame. The columns of frames
illustrate how increasing the relative value of
the probability of entering the engaged state,
p(V), with respect to the probability of a
response during a visit, p(R), (i.e., larger ratios
of within-visit to the between-visit response
rates) makes the broken stick more pro-
nounced by decreasing the slope of the right
limb of the log survivor plot. The rows of frames
illustrate how changing the probability of
disengaging from a visit, p(D), affects the
number of within-visit responses, thus changing

The authors gratefully acknowledge the contributions
of Robert Kessel whose tireless efforts were essential for the
successful completion of the manuscript; Donald Walter
and Stephen Pickford for data analysis and discussions;
and Elizabeth Palya for contributions in all phases of this
research. Contact Donald Walter (walter@jsu.edu) for
access to raw data files. An earlier version of this paper was
presented at the annual conference of the Association for
Behavior Analysis (2003). That version along with addi-
tional material not included in the present paper is
available at http://sebac.psychology.org /VR-VI-IRT.

Correspondence and reprint requests should be sent to
William L. Palya, Department of Psychology, Jacksonville
State University, Jacksonville, AL 36265 (e-mail: palya@
jsu.edu).

doi: 10.1901/jeab.2008.90-345

JOURNAL OF THE EXPERIMENTAL ANALYSIS OF BEHAVIOR 2008, 90, 345–362 NUMBER 3 (NOVEMBER)

345



how far the left limb drops before the break in
the stick. As can be seen, the two classes of IRTs
are more or less easily identified depending on
the amount of responding within a visit, and
the difference between the within- and be-
tween-visit responding.

Shull et al. (2001) then evaluated the
validity of their two-state conceptualization of
behavior by exposing rats to different sched-
ules of reinforcement in order to compare the
form of the log survivor functions for actual
behavior with the synthetic behavior of an
explicitly two-state machine. It was found that
the rat data had the same dual slope appear-
ance as an explicitly two-state machine. This
was taken to indicate that the rats’ behavior
had two states.

The essential point advanced by Shull
et al.’s (2001) article was the very plausible
view that behavior could best be understood as
bouts of engaged terminal behavior (Staddon
& Simmelhag, 1971) separated by other

behaviors. A secondary point of the article
was that log survivor plots or double exponen-
tial fits of log survivor functions could be used
as convenient analytical techniques to separate
those two classes of behavior.

A prerequisite of the general applicability of a
log survivor function as an index of the engage-
ment and disengagement in operant behavior is
a demonstration that the results found using
rats on some variable-interval (VI) schedules
will generalize to other organisms, schedules,
and parameter values. The present research was
an attempt to examine the differences between
responding to interval and ratio contingencies
in pigeons by using Shull et al.’s (2001) log
survivor analysis. It was expected that if the
resulting IRTs did appear like a broken stick,
then it would add credence to the view that all
operant behavior can best be characterized as
two-state. This would in turn provide an
essential precursor to a deeper understanding
of how contingencies alter response rate.

Fig. 1. Outputs of the two exponential model as described by Shull et al. (2001), displayed as log survivor functions.
The columns of frames illustrate the effects of increasing ratios of the exponentials for p(V) and p(R). The rows of frames
illustrate the effect of different values of the probability of disengaging from a visit, p(D).
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Experiment 1 obtained a broad data set for
examination by exposing subjects to a wide
range of schedule values for each of three
schedules of reinforcement. This allowed a log
survivor analysis of not only the differences
between schedule types, but also an examina-
tion of the differences across schedule values.
A principal question would be whether in-
creases in reinforcement rate increase the rate
of visit initiation (Shull, Grimes, & Bennett,
2004). A VI-plus-linear feedback schedule
(VI+) (McDowell & Wixted, 1986) was includ-
ed in Experiment 1. That schedule made it
possible to evaluate the role of the differential
reinforcement of short IRTs within a visit on
the obtained log survivor functions.

Experiment 2 yoked the occurrence of
reinforcement in VI and variable-ratio (VR)
schedules in a multiple schedule format. This
data set ensured that any difference in
behavior under the VI and VR schedules was
the result of the contingency itself rather than
a variety of other factors.

GENERAL METHOD

Subjects

Twenty-one adult, experimentally naive pi-
geons obtained from a local supplier were
used. They were housed in individual cages
with free access to water. Each pigeon received
approximately 50 food presentations during
each experimental session. Pigeons requiring
supplemental feeding to maintain them at
80% of their free-feeding weights were fed at
least 60 min after the experimental session.
Layer pellets were used for both maintenance
feeding and as the reinforcer.

Apparatus

Eleven experimental chambers were used.
The workspace within each was a 30 by 30 by
34 cm high box. An unfinished aluminum
panel served as one wall of the box; the other
sides were painted white. The aluminum panel
had a feeder aperture 5 cm in diameter
medially located 10 cm above the grid floor.
Three response keys, 2 cm in diameter were
located 9 cm apart, 29 cm above the grid floor.
They required a force equivalent to 15 g
(0.15 N) to operate. The translucent Plexiglas
keys could be transilluminated by stimulus
projectors containing color filters. Colors

included the following Rosco theatrical gels:
orange (23), yellow (12), green (91), and
turquoise (95). Response keys were transillu-
minated during all phases of the experiment,
except during food presentation when a lamp
in the food magazine provided the only
illumination. Two houselights directed upward
were located on the stimulus panel, 32 cm
above the grid floor. Ventilation was provided
by an exhaust fan mounted on the outside of
the chamber. A white noise generator provid-
ed ambient masking noise within the chamber.

Stimulus events were controlled and key
pecks were recorded by a computer network
composed of a host computer and an inde-
pendent control computer for each chamber
(Palya & Walter, 1993). The host computer
archived the time of each stimulus and
response event in 1-ms intervals. Subsequent
data extraction and analysis routines provided
the resulting behavioral indices. Complete raw
data event logs of all research are maintained
for 10 years and are available for electronic
download upon request.

Procedure

All pigeons were trained to approach and
eat from a food magazine within 3 s on three
consecutive presentations. During magazine
training the keys were dark. Each pigeon was
exposed to a procedure that began with
autoshaping and subsequently brought behav-
ior under the control of an intermittent
schedule of reinforcement as will be subse-
quently detailed. The reinforcement duration
was 3 s throughout the shaping procedure and
the remainder of both experiments. Each
analysis for each pigeon was based on the
mean of the obtained data for that pigeon
taken across the last five sessions of a phase.

The scheduled interreinforcement intervals
(IRIs) for VI schedules and response require-
ments for VR schedules and their sequential
order were determined by a standard sequence
(Palya & Allan, 2003), which was constructed
as follows: Five sets of 20-element Fleshler-
Hoffman (Fleshler & Hoffman, 1962) factors
normalized to one were generated. An algo-
rithm, which randomly selected the 100 factors
without replacement, was iteratively imple-
mented to produce an ordering of the 100
factors that minimized the sample-to-sample
variance when samples contained 12 consecu-
tive elements. An independent random start-
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ing point in the resulting ordered set of 100
factors was selected for each procedure for
each pigeon for each session. Factors were
subsequently drawn in consecutive order from
the standard sequence. The actual values for a
given schedule were determined by multiply-
ing the consecutive factors by the value which,
over repeated factors, would produce a sched-
ule with the specified average requirement.

EXPERIMENT 1
METHOD

Subjects

Twelve naı̈ve pigeons were used.

Apparatus

Eleven experimental chambers were used.
Response keys were illuminated green.

Procedure

The procedure is detailed below, but in
summary, each pigeon was exposed to each of
the following procedures for between 10 and
30 sessions: VR 10, 50, 100, 200, and 400; VI+
10, 50, 100, 200, and 400 s; and VI9 10, 50, 100,
200, and 400. Table 1 provides the counter-
balanced sequence of schedules used for each
pigeon in Experiment 1.

In separate phases, each pigeon was exposed
to VI+ schedules yoked to the reinforcement
rate obtained under each of its five different
VR schedules, or best estimates when pigeons
were exposed to the VI+ schedules first (Palya

& Walter, 1997). A VI+ schedule is a synthetic
schedule that reinforces the first response
after a temporal interval that is a function of
the average IRT for that IRI (McDowell &
Wixted, 1986). For example, a VI+ 100-s
schedule provides reinforcement for the first
response after, on average, 100 times the
average IRT in that IRI. In this way, faster
responding results in a higher reinforcement
rate, but the probability that a specific IRT will
be followed by reinforcement is similar to that
in an interval schedule, rather than being
based on the response count as it is in a ratio
schedule. Because of the way it was scheduled,
a pigeon’s VI+ schedule necessarily had the
same mean reinforcement rate as did the VR
to which it was yoked. The schedule value
specified for each VI+ schedule indicates to
which VR it was yoked.

In separate phases, each pigeon also re-
ceived a VI9 schedule (as described below)
yoked to the reinforcement rate under each of
the five different VR schedules, or best
estimates when pigeons were exposed to the
VI9 schedules first (Palya & Walter, 1997). For
ease of designating the appropriate schedule
value for comparison, and for ease of labeling
the VI values for the 12 pigeons under the 15
conditions, the VI9 schedule values were
specified as the VR values to which they were
yoked. For example, a VI that was yoked to a
VR 100 (and was therefore labeled VI9 100)
had the same IRI as that pigeon’s VR 100.
Across pigeons, the mean IRI for the VI9 10,
50, 100, 200 and 400 schedules were 5, 24, 50,

Table 1

Procedures and Their Sequence for Experiment 1.

Condition order

Pigeon

410 & 481 364 & 440 365 & 356 372 & 373 371 & 384 370 & 378

1 VR 10 VR 100 VI+ 10 VI+ 200 VI9 50 VI9 10
2 VR 400 VR 50 VI+ 50 VI+ 400 VI9 100 VI9 400
3 VR 50 VR 10 VI+ 200 VI+ 10 VI9 400 VI9 200
4 VR 100 VR 400 VI+ 100 VI+ 100 VI9 200 VI9 50
5 VR 200 VR 200 VI+ 400 VI+ 50 VI9 10 VI9 100
6 VI+ 50 VI9 50 VR 10 VI9 200 VR 200 VI+ 50
7 VI+ 400 VI9 400 VR 200 VI9 400 VR 100 VI+ 400
8 VI+ 10 VI9 10 VR 400 VI9 10 VR 50 VI+ 100
9 VI+ 100 VI9 200 VR 50 VI9 100 VR 400 VI+ 10

10 VI + 200 VI9 100 VR 100 VI9 50 VR 10 VI+ 200
11 VI9 100 VI+ 100 VI9 400 VR 10 VI+ 200 VR 100
12 VI9 50 VI+ 10 VI9 100 VR 100 VI+ 10 VR 10
13 VI9 10 VI+ 50 VI9 50 VR 200 VI+ 400 VR 200
14 VI9 200 VI+ 200 VI9 10 VR 400 VI+ 50 VR 400
15 VI9 400 VI + 400 VI9 200 VR 50 VI+ 100 VR 50
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103 and 218 s, respectively. This simple label-
ing convention eliminated the need to specify
60 different VI schedule values and the tables
indicating which VI value corresponded to
which VR value for each pigeon.

Each procedure was implemented with each
pigeon until responding was judged stable by a
time-series analysis on eight consecutive mean
daily response rates based on the C statistic
(Tryon, 1982; Young, 1941) and the judgment
of stability was corroborated by visual inspec-
tion.

The session duration for a pigeon on a given
day was determined by the number of rein-
forcers necessary to maintain the pigeon at its
80% body weight or 50 reinforcers (30 when
the schedule value was 400), whichever was
smaller. The session duration, therefore, var-
ied somewhat day to day and more substan-
tially from schedule to schedule. For example,
at the lowest reinforcement rate, sessions were
approximately 100 min long, whereas at the
highest reinforcement rate, sessions were
approximately 4 min long. The two extremes
of the reinforcement rate approached the
practical limits for daily sessions with pigeons
for our laboratory and set the range of
schedule values implemented. Across pigeons
and variations in the schedules, the IRIs
contained from a minimum of 1 response to
a maximum of approximately 1600 responses.
The VR 400 did not maintain reliable respond-
ing in Bird 440.

The present experiment is the reanalysis of
data files from a procedure carried out to
answer other questions, because these data
were well suited to provide information bear-
ing on the present research question. Other
aspects of the data have been previously
presented (Palya & Walter, 1997).

RESULTS AND DISCUSSION

Based on the results obtained by Shull and
his colleagues (Shull, et al., 2001; Shull,
Grimes & Bennett, 2004), log survivor plots
of the IRTs were expected to fall into two
distinct functions with the discrepancies be-
tween the slopes governed by the schedule
value. The expected results were a steep left
limb and a less steep right limb whose slope
decreased as a function of lower reinforce-
ment rate. Additionally, the y-intercept of the
right limb was expected to increase as the
reinforcer rate decreased.

Figures 2, 3, and 4 present the log survivor
plots of the behavior for the 12 pigeons under
the three types of schedules. The five functions
within each frame present the log survivor
plots for the indicated pigeon under the five
schedule values of the indicated schedule type.
The top frame in each set presents the data
obtained under the VR schedule, the middle
frame presents the data obtained under the
VI+ schedule, and the bottom frame provides
the data for the VI9 schedule. Differences
within each frame indicate schedule parame-
ter effects (e.g., VR 10 vs. VR 400). Differences
between frames within each set of three
indicate schedule effects (e.g., VR vs. VI).
Differences between sets of frames within a
column indicate individual differences (e.g.,
Pigeon 371 vs. Pigeon 384). The six counter-
balanced orders are provided in the six
columns of frames across the three figures,
and are as labeled at the top of each column.
Differences between columns indicate order
effects (e.g., VR exposure first vs. VI exposure
first).

Many of the functions from all three
schedules had multiple inflection points rath-
er than a single change in slope. However, in
general, across a very wide range of reinforce-
ment rates, VI schedules generally controlled a
more continuous distribution of IRT values,
whereas VR schedules and the synthetic VI
schedules with VR-like properties (VI+) gener-
ally controlled a cluster of short IRTs and a
second distribution of longer IRTs. By com-
paring the behavior maintained by a VR (top
frame) with the behavior maintained by a VI
(bottom frame) for each pigeon, it is apparent
that VR schedules most typically controlled
steeply declining initial limbs (leftmost por-
tion of the functions), whereas VI schedules
most typically did not. By comparing the
output under all three schedules for each
pigeon, it can be seen that the VI+ schedules
generally controlled behavior comparable to
the VR schedules. This similarity indicates that
not only do VR schedules result in substantially
different log survivor functions than do VI
schedules, it indicates that that difference is
preserved even when the VI schedule is
compared to a VI schedule with added molar
feedback. Additionally, for the majority of
birds, the functions resulting from higher
reinforcement rates tended to have steeper
slopes that intercepted the x axis at lower
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Fig. 2. The log survivor plots for all pigeons in Experiment 1 that began with exposure to VI9 schedules. The left
column provides the VI9, VR, and then VI+ exposure sequence, while the right column displays the VI9, VI+, and then VR
exposure sequence. The top, middle, and bottom frame for each pigeon depicts the VR, VI+, and VI9, respectively. The
five functions within each frame provide the data for the schedule values as indicated in the legend.
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Fig. 3. The log survivor plots for all pigeons in Experiment 1 that began with exposure to VR schedules. The left
column provides the VR, VI+, and then VI9 exposure sequence, while the right column displays the VR, VI9, and then VI+
exposure sequence. The top, middle, and bottom frame for each pigeon depicts the VR, VI9, and VI+, respectively. The
five functions within each frame provide the data for the schedule values as indicated in the legend.

IRT STRUCTURES IN VR AND VI SCHEDULES 351



Fig. 4. The log survivor plots for all pigeons in Experiment 1 that began with exposure to VI+ schedules. The left
column provides the VI+, VR, and then VI9 exposure sequence, while the right column displays the VI+, VI9, and then VR
exposure sequence. The top, middle, and bottom frame for each pigeon depicts the VR, VI+, and VI, respectively. The
five functions within each frame provide the data for the schedule values as indicated in the legend.
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values. Shull and his colleagues (Shull et al.,
2001) had interpreted this as a higher rate of
initiating visits under schedules with higher
reinforcement rates.

Each of the 180 functions obtained in this
experiment showed some horizontal portion
on the extreme left indicating a lower limit to
the emitted IRT values or a refractory period
(Killeen, Hall, Reilly, & Kettle, 2002). The
extreme right of each function shows to a
greater or lesser extent that the very longest
IRTs were relatively rare. However, between
these two extremes of the IRT distribution,
there were various patterns. For example,
some functions show a sharp drop followed
by a period of little change followed by a
second precipitous drop, such as the VR 10
schedule (dashed line) for Pigeon 440. Some
showed an initial small drop, then a sharp
drop followed by a regular decrement (VI+ 50-
s for Pigeon 365—dash dot); some showed
multiple sharp drops followed by a regular
decrement (VI+ 400-s for Pigeon 481—solid
line); while still others exhibited a regular
decrement without a sharp drop at all (VI9 100
for Pigeon 371—dash dot dot).

Finally, there appeared to be instances
where the initial schedule to which the
pigeons had been exposed had a carryover
effect. Pigeons that were exposed to a VR
schedule first (364, 410, 440, and 481) were
the most likely to exhibit an initial steep drop
in the left portion of the function under the VI
schedule, whereas the pigeons that were
exposed to the VI schedule first (371, 384,
370, and 378) were the most likely to exhibit
smoother, continuous functions under the VR.
This effect was evaluated in Experiment 2.

In summary, the diversity in the pattern of
the obtained IRT distributions suggests that log
survivor analysis or double exponential fits may
not be an adequate tool to prove that operant
behavior is fundamentally two distinct classes of
behavior. Nearly half (15 of the 36) of the
frames presented in Figures 2, 3, and 4 do not
have functions that can be readily dichoto-
mized (approximately one third of the VR and
VI+ frames and two thirds of the VI frames). As
noted by Kessel and Lucke (2008) and Shull
(2004), little variance can be accounted for by
double exponential fits in those cases.

Experiment 2 was designed to determine if
the relatively continuous log survivor plots
obtained under the VI schedules of Experi-

ment 1 were reliable, and to further assess any
difference in the log survivor functions result-
ing from VR and VI behavior. A multiple-
schedule comparison was used in order to
maximize the ability to detect any schedule
effects, and to more closely replicate proce-
dural elements utilized by Shull et al. (2001). A
yoking procedure was used to maximize the
similarity in the distribution of reinforcers
under those two schedules so that differences
in the obtained response distributions could
not be attributed to differences in reinforce-
ment rates. Additionally, different pretraining
groups were compared in order to ensure that
whatever carryover effects that had occurred in
Experiment 1 were not germane to the overall
conclusions drawn.

EXPERIMENT 2
METHOD

Subjects

Nine naı̈ve pigeons were used.

Apparatus

Nine experimental chambers were used.
Response keys were illuminated orange, yel-
low, or turquoise.

Procedure

Each pigeon was exposed to a procedure
that began with autoshaping and that subse-
quently brought behavior under the control of
a VR schedule in the case of Group 1, and a VI
schedule for both Groups 2 and 3. Each group
consisted of 3 pigeons.

Table 2 presents a summary of the condi-
tions, order of presentation, and number of
sessions in each condition. As a control, Group
1 was pretrained on a VR schedule, while
Groups 2 and 3 were pretrained on VI
schedules. These different pretraining groups
were implemented because the results of
Experiment 1 had suggested that there may
be residual effects of an early exposure to a
particular contingency. Phase 1 exposed
Group 1 to a VR 60 schedule, and Groups 2
and 3 to a VI 60-s schedule. All pigeons were
then exposed to a multiple VI 60-s VI 60-s
schedule baseline in Phase 2. The first
component occurred in the presence of a
turquoise light on the center key. The first
component was immediately followed by the
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second component, in the presence of an
orange light on the center key. Each compo-
nent was in effect for five reinforcer presenta-
tions. After the second component was com-
pleted, the first component began again. This
cycle continued until 50 reinforcers had been
presented (five occurrences of each compo-
nent) or that number of reinforcers just
sufficient to maintain the pigeon at 80% of
its free-feeding weight.

Groups 1 and 2 were then exposed to a
multiple VI 60-s yoked VR schedule. Each VR was
yoked by requiring the same number of respons-
es per reinforcer as had been obtained under its
corresponding VI schedule in the immediately
preceding component of the multiple schedule.
Phase 4 was a return to the multiple VI 60-s VI 60-
s baseline. Phase 5 was a multiple VR yoked VI
schedule in which the intervals required be-
tween each reinforcer on the VI schedule were
the same as those that had occurred in each of
the corresponding VR schedules in the preced-
ing VR component. Phase 6 was a return to the
multiple VI 60-s VI 60-s baseline. Group 3
underwent the same procedures as Groups 1

and 2, except that the procedures in Phases 3
and 5 were presented in the opposite order to
reveal any sequential effects.

Each phase continued until the pigeon’s
response rate plotted as a function of session
number showed no apparent session-to-session
trends over five consecutive sessions in both
components of the multiple schedules. After
this stability criterion had been met, the phase
was then continued until data sufficient for
potential analyses had been obtained, and the
change could be fitted within the constraints
of other laboratory activities. Additionally, the
informal lab policy of changing procedures at
5-day boundaries, when convenient, was typi-
cally upheld. The intent of this latter, behav-
iorally arbitrary criterion was to reduce the
probability that some atypical local aspect of
the data was consistently included in the data
representing the effects of a phase (Palya &
Allan, 2003).

RESULTS AND DISCUSSION

As seen in Experiment 1, the log survivor
functions from both schedules in the present

Table 2

Procedures and Their Sequences for Experiment 2.

Condition order

Group One

Number of Sessions627 675 710

1 VR 60 VR 60 VR 60 30
2 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 45
3 VI 60-s Yoked VR VI 60-s Yoked VR VI 60-s Yoked VR 50
4 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 30
5 VR 87 Yoked VI VR 70 Yoked VI VR 35 Yoked VI 40
6 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 40

Condition order

Group Two

Number of Sessions688 752 772

1 VI 60-s VI 60-s VI 60-s 21
2 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 45
3 VI 60-s Yoked VR VI 60-s Yoked VR VI 60-s Yoked VR 30
4 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 40
5 VR 90 Yoked VI VR 48 Yoked VI VR 43 Yoked VI 30
6 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 30

Condition order

Group Three

Number of Sessions694 706 727

1 VI 60-s VI 60-s VI 60-s 21
2 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 45
3 VR 82 Yoked VI VR 23 Yoked VI VR 53 Yoked VI 30
4 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 30
5 VI 60-s Yoked VR VI 60-s Yoked VR VI 60-s Yoked VR 30
6 VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s VI 60-s 30
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experiment had multiple inflection points.
Additionally, in general, VI schedules con-
trolled a continuous distribution of IRT values
producing a gradual decline in their log
survivor functions, whereas the VR schedules
often controlled more concentrated bursts of
short IRTs. This latter pattern of responding
resulted in a noticeable knee in the log
survivor plots for VR schedules. These findings
systematically replicated the results of Exper-
iment 1 by demonstrating that IRT distribu-
tions for VR and VI schedules differ under
yoked multiple schedules as well as under
schedules presented in isolation.

Figures 5, 6, and 7 present the log survivor
plots of the behavior for the 9 pigeons under
the three schedules of Experiment 2. Each set
of three frames presents the data for an
individual pigeon. The VR pretraining group
and the two counterbalanced presentation
order groups (i.e., Groups 1, 2, and 3) are
provided in Figures 5, 6, and 7, respectively.
The top frame in each set presents the data
obtained when the VI schedule was yoked to
the VR IRIs (VR yoked VI), while the middle
frame presents the data obtained when the VR
schedule was yoked to the VI response counts
(VI yoked VR). The bottom frame in each set
provides the data for the three implementa-
tions of the multiple VI 60-s VI 60-s baseline
(i.e., six functions, each of which details the
behavior under a VI 60-s schedule).

Differences between the two functions with-
in the upper two frames of each set provide a
direct comparison of the log survivor functions
obtained under a VI and a VR schedule when
those two schedules were yoked. Differences
between the upper and middle frame in a set
of frames indicate differences in the effect of
the yoking direction. Differences between the
functions in the bottom frame of each set
indicate the variability in the behavior con-
trolled by a VI 60-s schedule across the
components of a multiple schedule and across
repeated exposures to the same schedule.
Differences between sets of frames within a
figure indicate individual differences. Differ-
ences between figures indicate the effects of
different presentation orders.

By comparing the behavior maintained by a
VI (solid line) with the behavior maintained by
a VR (dotted line) in the upper two frames of
each set, it is apparent that VR schedules most
typically controlled responding that could be

visually identified as two-state, whereas VI
schedules most typically did not. There did
not appear to be any systematic difference
between the two pretraining conditions (VR vs.
VI), nor the two presentation orders of the
yoking conditions (VI yoked VR first vs. VR
yoked VI first), nor yoking direction (VR
yoked VI vs. VI yoked VR).

The difference in the appearance of the log
survivor functions for the VR and VI schedules
resulted from a combination of a change in
the slope of the right limb, p(V), as well as a
change in the length of the left limb, p(D). The
VR schedules typically had a sharper slope, or
shorter visit-initiation IRTs (right limb), and a
greater proportion of within-visit IRTs as
indicated by a longer left limb. When viewed
from the perspective of Shull et al.’s (2001)
model, the VR schedules typically resulted in
both a higher probability of entering a visit
and a lower probability of disengaging from a
visit as compared to the VI schedules.

The absence of a carryover effect in the
present results was not consistent with the
carryover effect obtained in Experiment 1.
This discrepancy could have resulted from
either the difference in the single schedule
format in Experiment 1 as opposed to the
multiple schedule format in Experiment 2, or
the difference in the criterion for changing
phases in the two experiments. In either event,
the replication of the difference in VR and VI
log survivor functions while failing to find a
carryover effect in Experiment 2 indicated that
the differences in the IRT distributions for VR
and VI schedules found in Experiment 1 were
not dependent on whatever had caused the
carryover effect.

Figure 8 depicts some of the IRT distribu-
tions obtained in the present experiment
under VI yoked VR schedules as dot plots of
IRTs by time in the trials rather than as log
survivor plots, in order to better portray the
dynamics of key pecking in the 0-s to 3-s
regime. These figures reveal the structure
underlying the multiple points of inflection
in the left portions of log survivor plots.
Behavior in this regime often exhibits system-
atic patterns that can be attributed to the
recurrent nature of pecking (Killeen et al.,
2002; Palya, 1992). Palya’s model suggests that,
at times, pigeons peck at a constant rate but
that some of those regularly spaced head
movements fail to contact or operate the key.
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Fig. 5. The log survivor plots for the 3 pigeons in Experiment 2 that received VR pretraining. The top, middle, and
bottom frame for each pigeon provides the results of the VR yoked VI, the VI yoked VR condition, and the three
implementations of the baseline, respectively. The functions within each frame provide the data for the schedule values
as indicated in the legend.
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Fig. 6. The log survivor plots for the 3 pigeons in Experiment 2 that received VI pretraining. The top, middle, and
bottom frame for each pigeon provides the results of the VR yoked VI, the VI yoked VR condition, and the three
implementations of the baseline, respectively. The functions within each frame provide the data for the schedule values
as indicated in the legend.
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Fig. 7. The log survivor plots for the 3 pigeons in Experiment 2 that received VI pretraining and counterbalanced
yoked conditions. The top, middle, and bottom frame for each pigeon provides the results of the VR yoked VI, the VI
yoked VR condition, and the three implementations of the baseline, respectively. The functions within each frame
provide the data for the schedule values as indicated in the legend.
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Fig. 8. Dot plots of IRTs as a function of time in the trial for four multiple schedule procedures drawn from
Experiment 2. The data from the VR component is presented on the left, while the data from the VI component is
presented on the right.
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This results in IRTs at integer multiples of a
base IRT value (e.g., 30, 60, 90 ms). This
pattern of behavior can easily be seen when
IRTs are plotted as a function of elapsed time
in the interfood interval in a scatter plot
format as they are in Figure 8. The base IRT
and its integer multiples are seen as dense
bands of dots parallel to the x axis. Further
details of this conceptualization, and of dot
plots, are outside the scope of the present
article and are available in the original work.
Cases for Figure 8 were chosen based on the
difference between the two log survivor func-
tions for a bird under a procedure.

The top two frames of Figure 8 present the
data for the case with the most discrepant log
survivor functions (Pigeon 706). The behavior
under the VR schedule is shown in the left
frame. It indicates that the vast majority of
IRTs less than 3 s fell at virtually the same
value (ca. 0.3 s) for this pigeon. There were
virtually no IRTs that exceeded 2 s. This can
also be seen by the precipitous drop in the log
survivor function for this behavior in Figure 7.
As can be seen in Figure 8, this pattern of
responding resulted in few IRIs lasting more
than 35 s. The upper right frame of Figure 8
depicts the data from the VI component of
that multiple schedule for this bird. It also
shows many IRTs at approximately 0.3 s and its
third integer multiple throughout the IRI;
however, the bulk of the IRTs were widely
dispersed. As can be seen by referring to
Figure 7, this pattern of responding resulted
in a very smooth log survivor function.

The second row of frames in Figure 8 shows
the data for Pigeon 710. In this case, the VR
log survivor function showed a clear broken
stick appearance while the VI function did not.
By examining the two frames in Figure 8, it
can be seen that both dot plots for this pigeon
show many instances of IRTs of approximately
0.3 s. The left frame depicting the behavior
under the VR schedule shows most IRTs at
about 0.3 s, with an additional band at 0.9 s,
but a wide variety of other values. Few trials
exceeded 150 s. The VI frame on the right
shows the same main band at 0.3 s and
another at about 1.2 s but a majority of IRTs
had substantially greater dispersion. As a
result, many trials exceeded 250 s.

The third row of frames in Figure 8 provides
the data for Pigeon 772 with the data for the
VR schedule presented on the left. This case

was chosen because the log survivor functions
were among the most similar in the present
experiment. The dot plots indicate high
frequencies of IRTs at about 0.4, 0.8, and
1.2 s, suggesting periods of engagement, but
this effect is not discernable in the log survivor
functions. In any event, both the dot plots and
log survivor functions are virtually identical.

The bottom pair of frames of Figure 8
illustrates the IRT structures for Pigeon 752.
The VR schedule is presented on the left. This
case was chosen because the log survivor
functions suggest different bout lengths or
durations of engagement. The left frame of
Figure 8 for this bird shows a preponderance of
responding at its fundamental pecking frequen-
cy, or main band, just above 0.3 s. This frame
also shows that there were instances of pecks
with resulting IRTs occurring at the second and
third multiple. The right frame shows that the
VI schedule continued to control many IRTs
just above 0.3 s, but that the preponderance of
IRTs shifted to the third multiple.

In sum, the results of Experiment 2 replicate
Experiment 1 in that the majority of the log
survivor functions for VI responding and even
some of those for VR responding had no
distinct left limb. Additionally, both experi-
ments resulted in many IRT distributions with
multiple inflection points attributable to re-
current pecking.

GENERAL DISCUSSION

Shull et al. (2001) have assembled substan-
tial evidence supporting a view that operant
behavior is organized into a series of bouts of
engagement separated by periods of disen-
gagement. The original evidence was based on
noting obvious changes in the log survivor
plots of the IRTs. Subsequently, Shull and his
colleagues changed the operant from a nose
poke to a lever press (Shull & Grimes, 2003),
and found that most of the IRTs when plotted
as log survivor functions still appeared to be
two-state, but were smoother than those based
on nose poking. Because the somewhat
smoother functions made the visual identifica-
tion of a dichotomization point in the IRT
distribution more difficult, the best sum of two
exponentials was used to dichotomize behav-
ior into within-visit and disengaged states.

In the present research, the log survivor
plots for VR schedules in pigeons typically
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exhibited a change in slope similar to the
results obtained by Shull et al. (2001) with rats.
However, the VI schedules typically did not
exhibit a clear change in slope. Additionally,
log survivor functions resulting from both VR
and VI often showed multiple inflection
points.

As was illustrated in Figure 1, demonstrating
that operant behavior is two-state based on
visual inspection of log survivor plots can be
problematic in cases where there is no single,
readily identifiable change in slope in a log
survivor function. Difficulties in dichotomizing
behavior have been reported in other re-
search. Podlesnick, Jiminez-Gomez, Ward,
and Shahan (2006) found a general lack of
IRTs below 0.2 seconds, and some functions
that appeared to be best characterized by a
single exponential. Similar results were report-
ed in Bennett, Hughes, and Pitts (2007) using
pigeons, as well as Kulubekova and McDowell
(2007) using a computational model.

The failure to find two readily identifiable
states of behavior in pigeons can plausibly be
attributed to differences in the species and the
experimental situations implemented. Shull
(2005) analyzed an extensive data set examin-
ing the sensitivity of response rate to changes
in reinforcement rate in both rats and pigeons
within the context of Herrnstein’s hyperbola
(Herrnstein, 1970). With reinforcement rates
between about 10 and 100 per hour, the
behavior of rats was more sensitive to changes
in reinforcement rate than the behavior of
pigeons. Shull found that although maximum
response rates were similar in both species,
either the obtained reinforcers were more
potent for pigeons, or the design of typical
pigeon chambers provided less alternative
reinforcers for pigeons. From this view, the
uniformly high response rate of pigeons
obscures the two-state nature of behavior by
diminishing the ratio of within- to between-
visit response rates. As a result, the log survivor
plots would not show a clearly visible break.
Figure 1 illustrates the effect of the ratio of
within- to between-visit response rates. When
the ratio is approximately 20, as it is with rats,
then the change in the slope is obvious.
However, when the ratio of within- to be-
tween-response rates is 5 or less, as it is with
pigeons, then the break is difficult to identify.

Davison (2004) argued that differences in
the ease of partitioning IRT distributions of

rats and pigeons could be attributed to
differences in the interaction of the feeding
characteristics of the species and the precise
topographical aspects of the operant (Timber-
lake, Pecoraro, & Tinsley, 2000). The pigeon’s
key peck may be optimal for examining the
temporal structures of behaviors due to its
relative frequency and lightness. In contrast,
some of the typical operanda used for rats may
be more useful for examining the defined
response itself. This view is consistent with
smoother log survivor functions for lever press
than for nose poke responses in rats (Shull &
Grimes, 2003).

In either case, the present results are
consistent with findings that suggest that Shull
et al.’s (2001) analytical techniques may not
necessarily be reliably generalized to key pecks
in pigeons. Either the two-state model may not
be applicable to all operant situations, or the
pigeon key peck preparation is suboptimal for
the task of understanding the visit/disengage-
ment structure of operant behavior in the
absence of a more powerful analytical strategy.

A sophisticated analytical approach to fitting
a double exponential to obtained IRT distri-
butions has been proposed by Kessel and
Lucke (2008). They reframed Shull’s model
into a quantitative form in order to enable an
objective dichotomization of IRTs into an
engaged and a disengaged state, even in the
absence of visually apparent changes in the log
survivor function. It should be noted, however,
that whereas fitting a double exponential to
smooth functions establishes the location of
the breakpoint, if in fact behavior is correctly
characterized as a double exponential, it does
not establish that characterization as correct
(Shull, 2004).

A second impediment to the straightforward
dichotomization of operant behavior was
noted by Davison (2004), following his de-
tailed analysis of IRT structures in three
concurrent choice procedures. Log survivor
functions for some of the conditions analyzed
showed a broken-stick appearance, but closer
inspection revealed multiple inflections at
short IRT values, making both the determina-
tion of the correct dichotomization of the
behavior and its interpretation problematic.
Those seemingly minor wavelets that fell
between 0.1 and 1.0 on the logarithmically
scaled y axis represented 90% of the obtained
IRTs and therefore were a substantial portion
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of the obtained behavior. Davison suggested
that the multiple breakpoints typically found
in log survivor functions may imply that
behavior is multi-state rather than two-state.
However, the multiple points of inflection at
the lower IRT values that occurred in Davi-
son’s data, as well as in the present research,
are consistent with Palya’s recurrent pecking
model (Killeen, et al., 2002; Palya, 1992) and
are not necessarily inconsistent with the view
that operant behavior is two-state.
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